To cite this version: 
Introduction
The iron -cobaltites spinel Co 3x Fe 3-3x O 4 (x ≥ 0.5) have not so far been as widely used in the industry as other spinels such as ferrites in particular. Their properties, however, are of interest for certain technological applications, among which can be mentioned the electrodes for batteries and supercapacitors [1, 2] , the absorber layers in high-performance solar cells [3] , the magnetic logic cells [4] and the microwave components [5] . The formation of periodic organizations at a nanoscale by spinodal decomposition within the miscibility gap of the CoFe 2 O 4 -Co 3 O 4 phase diagram also makes it possible to imagine their use in magnetoresistance components. Indeed, giant magnetoresistance effects have already been demonstrated in alloys structured by spinodal decomposition [6, 7] . In a more prospective way, one could also hope to form structures having properties comparable to those of the magnonic crystals [8, 9] .
The CoFe 2 O 4 -Co 3 O 4 phase diagram has been established from experimental results [10, 11, 12] and also calculated from thermodynamic data [13, 14, 15] . An illustration of these calculated phase diagrams is given in Figure 1 treatments at a temperature below 700 °C. This transformation initially occurs by spinodal decomposition. This process observed in miscibility gaps of many phase diagrams has been described by Cahn and Hilliard works [16, 17] on the one hand, and schematized and experimentally illustrated by Harrison and Putnis [18] , on the other hand. For the Co-Fe-O system, it leads to the formation at the nanoscale, of pseudo-periodic alternations of cobalt rich and iron rich spinel phases in the central part of the spinel miscibility gap, i.e. in between x ≈ 0.47 (Co 1.4 Fe 1.6 O 4 ) and x ≈ 0.83 (Co 2.5 Fe 0.5 O 4 ) according to Takahashi et al. [12] . When the composition of the spinel phase exceeds these limits, i.e. for 0.37 ≤ x ≤ 0.47 in the iron rich part, and for 0.83 ≤ x ≤ 0.90 in the cobalt rich part, the spinodal decomposition is relayed by a germination growth mode. This mode allows the precipitation of two spinels of even more differentiated compositions respectively rich in cobalt (Co 2.7 Fe 0.3 O 4 ) or rich in iron (Co 1.1 Fe 1.9 O 4 ) and the grains of each phase are no longer distributed according to a periodic organization.
The alternations of cobalt rich and iron rich spinel phases due to spinodal decomposition in Co-Fe-O system have already been observed in well-crystallized thin films or powders initially synthesized at 900 °C and subsequently annealed at 700 °C [19, 20] or in films deposited under magnetic field on single crystal substrates by pulsed laser deposition [21] . In the recent studies, the Co 1.75 Fe 1.25 O 4 thin films were directly prepared by radio-frequency sputtering [22] . Thanks to this method, which generates only very moderate temperature elevations, the nano-crystallized films have been obtained.
Although the concomitant formation of iron cobaltite spinel and mixed cobalt iron monoxide tends to occur, the implementation of a low working pressure (0.5 Pa in argon pressure) for a magnetron sputtering power of 1.3 W.cm -1 , made it possible to obtain films virtually free of monoxide. The spinodal decomposition of such cobaltite films was studied by X-ray diffraction analysis as well as by Raman spectroscopy [23] . The high sensitivity of this spectroscopic technique, allowed to characterize the very beginning of the spinodal decomposition and revealed that a heat treatment at 300 °C for 2 h is enough to start the decomposition.
The cross sections of Co 1.7 Fe 1.3 O 4 films were already observed by Scanning Transmission Electron Microscopy (STEM) and analyzed by X-ray energy dispersive spectroscopy by the present authors [23] . A rather homogeneous distribution of iron and cobalt cations in samples annealed at 600 °C for 24 h could be demonstrated. A clear segregation of cobalt-rich phases, on the one hand, and iron-rich ones, on the other hand, was revealed in samples heated to the same temperature, but treated for 96 h. It was not possible, however, to find in the samples examined the pseudo-periodic alternations of spinel phases of different compositions, characteristic of the spinodal decomposition. The superimposition of crystallites of different orientations or compositions within the transverse sections studied, could be one of the reasons why the characteristic images of a spinodal decomposition could not be observed. The influence of the small size of the constitutive crystallites in the films on the mechanisms of the spinel phases separation could also be responsible for the absence of regular alternations of phases rich in cobalt and iron.
In this work, we try to extract the upper part of the layers parallel to the surface of the Co 1.7 Fe 1.3 O 4 films which is made up of the largest and best-organized crystallites at the atomic scale. The objective was to have thin samples whereas, perpendicular to their plane, we could observe areas in which most of the crystallites would occupy the entire thickness.
Indeed, this configuration avoids the different crystalline network superimposition which is disadvantageous for a high resolution observation of very good quality and to draw clear conclusion about spinodal mechanisms in nanocrystals. This work, therefore, raises the challenge of unconventional sample preparation by the Focussed Ion Beam (FIB) cutting technique. Also, it attempts to advance in the understanding of spinodal decomposition mechanisms in nano-crystalline thin films and to reveal a possible nanoscale effect on this phase transformation process.
Experimental
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The Co 1.7 Fe 1.3 O 4 spinel films were prepared by magnetron radio frequency (RF) sputtering using a homemade ceramic target (conditions of preparation of the target described in previous work [23] ). The sputtering apparatus is an Alcatel A450 deposition system equipped with a radio frequency-generator (13.56 MHz) device, a pumping system, a gas flow controller, a water-cooled target holder and two water-cooled sample holders. The films were deposited at room temperature on water-cooled silicon substrates. A residual vacuum close to 5 × 10 −5 Pa was reached in the sputtering chamber before introducing the argon deposition gas. At the beginning, the target was pre-sputtered for 20 hours to avoid any contamination. The target was also sputtered for 10 minutes before each film deposition. The sputtering conditions (20 W of RF power, 0.5 Pa in argon pressure and 5 cm in target to substrate distance) were optimized to obtain pure Co 1.7 Fe 1.3 O 4 spinel films [23] . Deposition rates were first calculated from the deposition time and thickness of calibration films determined using a Dektak 3030ST mechanical profilometer. The thickness of the films was then fixed to 300 nm for all the studied samples in this work by adjusting the deposition time.
Ex-situ annealings were carried out in air at 600 °C for various time up to 96 h in order to promote the spinodal decomposition. The structural characterization of the films was performed at room temperature by Grazing Incidence angle X-Ray Diffraction (GIXRD) with α = 1 deg. on a Siemens D5000 diffractometer equipped with a Bruker Sol-X detector. The X-ray wavelength was that of the copper Kα rays (Kα1 = 1.5405 Å and Kα2 = 1.5443 Å). Lattice constants were refined by the Rietveld method using the Full Prof-Win Plot R program [24, 25] .
Raman spectra were collected under ambient conditions using a LabRAM HR 800 Jobin Yvon spectrometer with a laser excitation wavelength of 532 nm. Spectra acquisition was carried out for 200 sec using ×100 objective lens and 600 g/mm grating. During the measurement, the resulting laser power at the surface of the sample was adjusted to 0.7 mW to avoid the transformation of the ferrite thin film (especially to avoid spinodal decomposition). The examination of multiple spots showed that the samples were homogeneous.
The structure, microstructure and composition were investigated by Transmission Electron Microscopy (TEM) using a combination of high-resolution cross-sectional imaging in STEM and conventional TEM modes, Selected Area Electron Diffraction (SAED) and Xray Energy Dispersive Spectroscopy (EDS). TEM studies were carried out using a JEOL JEM-ARM200F spherical-aberration probe corrected electron microscope equipped with a cold field emission gun operated at 200 kV, an ultrafast Ultrascan 2k x 2k camera (Gatan) for TEM, bright field (BF) and high-angle annular dark field (HAADF) detectors (JEOL) for STEM imaging, a Centurio X-ray detector (JEOL) for ultra-high resolution EDS mappings. To prepare cross sectional samples for TEM studies, slices from the sample were cut, placed between spacer layers and then glued onto a grid in such a way that the interface is parallel to the slot in the grid.
This sample is then thinned by standard tripod polishing until it is a few μm thick. The final sample is thinned using a Gatan PIPS 691 ion beam miller to create an electron transparent sample. The method of preparing plan view sections by Focussed Ion Beam (FIB) was one of the focus of this work. This method is described in detail in the following section.
Results and discussion

As-deposited sample
The structural analysis of the as-deposited and annealed samples at 600 °C under air has been detailed previously [23] by the present authors. As-deposited sample is made of small crystallites of about a few tens of nanometers, with an average composition x = 0.58. No extra phase could be detected by GIXRD measurements, as shown in Figure 2a . The cubic Co 1.7 Fe 1.3 O 4 spinel phase was refined in the F d ഥ m (n°166) space group and this leads to a lattice parameter close to a = 8.26 Å. The broadening of the diffraction peaks was in good agreement with the particle size determined by atomic force microscopy (not shown here) and TEM.
Annealed samples and first characterisation of the spinodal decomposition
With the annealing time at 600 °C under air, a clear split of the most intense diffraction peaks (i.e. (311) and (440)) occurs. This split corresponds to the apparition of two spinel phases that evolve with more and more different lattice constants. The main diffraction peaks observed on the as-deposited film shift towards the higher diffraction angles during the first hours of annealing, as pointed out by the green arrow in Figure 2a and confirmed by the decreasing of the refined lattice parameter (Figure 2b ). It corresponds to the progressive growth of the cobalt rich phase induced by the spinel miscibility gap. It is confirmed by the apparition of the iron rich counterpart phase characterized by a second set of diffraction peaks (red arrow) which 1) appears at lower angles and 2) shift towards the lower angles during the annealing process. Based on reference lattice parameters refined on eight homemade powders elaborated at 900 °C and quenched down to room temperature to obtain pure spinel phase in the 0.33 ≤ x ≤ 1 range (not shown here), the Vegard law allows to add on Figure 2b the limit of the miscibility gap (i.e. 0.37 ≤ x ≤ 0.90 according to thermodynamic calculations [13] ) as well as the limit of the coherent spinodal domain (i.e. 0.47 ≤ x ≤ 0.83 according to Takahashi et al. [12] ). One can note on Figure 2b that, for duration smaller than 24 h, the lattice parameters of both spinels phases obtained by spontaneous decomposition correspond to compositions within the coherent spinodal domain, i.e. with an expected pseudoperiodic alternation of cobalt rich and iron rich spinel phases. For duration greater than 24 h, the lattice parameters exceed these limits, and the spinodal decomposition is supposed to be relayed by a germination growth mode with a concomitant disappearance of the periodic organization at the nanoscale. The lattice parameters of the film annealed for 96 h tend to those of the powder samples at the limit of the miscibility gap proposed by Jung et al. [13] , but not completely. This could be due to 1) the very slow kinetic of the decomposition process as demonstrated, for instance, by the very small changes of the cobaltrich phase parameter (8.16 Å for 24h down to 8.15 Å for 96h) observed in Figure 2b , 2) an inaccuracy in the spinel miscibility gap limits, as many authors did not report exactly the same values (see for instance thermodynamic calculations [13, 14] plotted in Figure 1 , or experimental data [10, 12] ), or 3) limitations due to nanocrystalline and/or stress phenomena in thin film materials.
The spontaneous decomposition is also confirmed by the Raman spectroscopy, as shown in Figure 3a . The main peaks related to the spinel oxides and already identified in previous studies [26, 27, 28] are present and these main peaks evolve with the duration of the heat treatment. More specifically and using the terminology of Z. Wang et al. [29] and O.N. Shebanova et al. [30] , these changes concern the very strong growth of the T 2g (1) and A 1g peaks at around 180 and 650 cm -1 , respectively, and the emergence of low-intensity E g and T 2g (2) peaks at around 290 and 450 cm -1 , respectively. The Raman peak intensities after 96 h of annealing at 600 °C under air could be convolved with the ones of the x = 0.37 and x = 0.90 powder reference samples (Figure 3b ), i.e. it converges to the complete decomposition of the pristine phase. For the intermediate annealing duration of 12 and 24 h, the Raman peak evolution is on-going and confirms the step of spinodal decomposition that is in good agreement with the previous XRD studies and previous works [23] .
In the XRD and Raman studies, in addition to the pristine as-deposited film, two annealed samples were identified as key samples in the characterization of this spontaneous decomposition. The first one is the sample annealed for 24 h, because it was identified to be among those where the spinodal decomposition ends, i.e. it could be the most appropriate sample to highlight the pseudo-periodic alternations of cobalt rich and iron rich spinel phases. The second one is the sample annealed for 96 h, because it corresponds to the longest annealing time, i.e. the best sample to highlight the microstructure changes induced by the germination-growth mode change. To have samples observable by TEM, both annealed films were prepared according to the specific thinning process described above.
TEM studies
First TEM characterizations carried out on cross-section samples (already published by the present authors [23] ) reveal that no clear contrast between the two phases formed by spinodal transformation at 600 °C for 24 h, could be highlighted. Local chemical
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analyses were also unable to reveal distinct phases, as shown by the homogeneous distribution of the iron and cobalt species in the cross section STEM view.
However, the complete segregation, which occurs after a much longer annealing time (96 h) at 600 °C, displays cobalt rich and iron rich regions of about 50 nm in diameter, as shown in green and red areas, respectively, in Figure 4a . The random distribution of the two phases in these regions along and perpendicular to the columns reveals, however, that the spinodal transformation is replaced by a nucleation and growth process for such a very long time of treatment at 600 °C. Some iron-rich and cobalt rich areas could be highlighted (Figure 4c ). are also visible from the 300 nm linear analysis shown in Figure 4d , but cannot be exactly defined at lower scale (i.e. within the column diameter). This is due to the limited resolution of the apparatus, which implies to select small areas of few tens of nm 2 at minimum, for EDS quantification, but also to the superimposition of the columns in the thickness of the sample studied. The cross section coming from the standard thinning process, leads to thickness of few tens of nanometers, which is a little bit bigger than the diameter of the columns. Consequently, it's quite impossible to observe single crystalline domains, and then, even more to highlight nanoscale organisation induced by spinodal decomposition within the columns. In the STEM images ( Figure 4b ) and corresponding EDS mapping (Figure 4a ), of the 600 °C -96 h annealed sample, a homogeneous distribution of Co and Fe could be seen in more than a third of the total length of the columns, i.e. for 100 -150 nm (see examples of Co-rich and Fe-rich areas drawn in Figure 4a and Figure 4b ). As a result, a second set of samples, dedicated to TEM studies, were then cut from the upper part of the thin films, in a direction parallel to their plane. This very delicate preparation capable of revealing monocrystalline domains, has been implemented as follows.
The TEM specimens of 24 h and 96 h annealing time were then prepared using a FEI Helios Nanolab600i dual beam SEM FIB fitted with an Easylift micromanipulator for in situ lift-out. The ion column was operated at 30 kV for all steps, except for final cleaning of the specimen, for which tensions of 5 kV and 2 kV were used. Beam currents varied between 47 nA and 15 pA. Figure 5 shows the main stages in the production of plan-view TEM specimens of thin films (300nm). The sample was first mounted horizontally in the chamber and a region located at the edge of the thin film was chosen for the future observation (Figure 5a ). The reason for choosing an area at the edge of the film was that the edge could be used as the top surface for the final prepared sample and that it could be easily grasped and removed. The electron beam was used to deposit a layer of Pt 200 nm thick over an area of 30 µm wide and 15 µm tall. The ion beam was then used to deposit a 3 µm thick layer over the same area (Figure 5b) . A preliminary regular cross section pattern was defined so that it overlaps with the bottom edge of the Pt strip. Then, a cleaning cross section was milled ( Figure 5c ). Next, the sample was removed from the chamber and re-mounted vertically with the edge of the film that was identified in the previous step now topmost (Figure 5d ). The same area that was coated previously, was located and a 20 µm x 2 µm layer of ion beam 3 µm thick platinum was deposited on top ( Figure 5e ). The preparation could now proceed in a similar fashion to standard TEM specimen preparation, except material only had to be removed from one side of the specimen. This was done using a standard cross-section milling pattern, to reach a final depth of around 15 µm (Figure 5f ). The specimen was then partially cut-out and a Pt needle was fixed (Figure 5g ). The sample was lifted out in situ (Figure 5h ) and then attached to a copper support grid (Figure 5i) . Thinning of the specimen could then proceed using a gradual cross-section cleaning milling pattern, with a final milling beam current of 80 pA (Figure 5j) . Finally, the 5 kV and 2 kV cleaning steps were carried out on each side (Figure 5k ).
The great care is topical in making specimens from thinner films so that the film was not lost during the thinning process.
First, the 96 h annealed film was analysed and compared to previous studies [23] and Figure 4 . The TEM results are shown in Figure   6 .
In the STEM image (Figure 6a The Fe-rich composition with a Co/(Co+Fe) ratio of 0.4 is almost the one expected by the phase diagram (Figure 1 ). This ratio is below the one of the limit of the spinodal transition and could explain the relative homogeneity of the composition within the grain evidenced by atomic scale elemental analysis plotted in Figure 6g . This is also in good agreement with the XRD results ( Figure 2) .
Oppositely, the Co-rich composition only reach a Co/(Co+Fe) ratio of 0.8, which corresponds to the limit of the spinodal and germination growth mode transition. During the first step of the decomposition process, the pristine spinel phase tends to form the Co-rich spinel phase, as shown by XRD. To compensate, the Fe-rich counterpart segregates to the grain boundary and, then, it forms the Fe-rich spinel phase in surrounding grains/columns. This increase in Fe content is evidenced on the right side of line scan 1 (Figure 6g ) and on the central part of line scan 2 ( Figure 6i ).
The 24 h annealed film was then analysed in order to identify, within the column width, the specific atomic arrangement due to the The average composition deduced from the total EDS spectrum over the limited area of 0.01 µm² was found to be Co 1.8 Fe 1.2 O 4
( Figure 7a ). This composition is close to the nominal one, as for the 96 h annealed sample.
The analyses carried out on very small selected area with typical size smaller than the column diameter allow determining the extreme Fe-rich and Co-rich areas. These areas are selected from the EDS mapping, as shown, for example, in Figure 7b and Figure   7c . The Fe-rich and Co-rich compositions reach up a Co/(Co+Fe) ratio of 0.4 and 0.7, respectively. These limits (0.4 and 0.7) obtained after 24h of annealing treatment are similar or smaller than the ones (0.4 and 0.8) obtained after 96h. With the annealing time increase, the Co content evolves in the Co-rich part that is in good agreement with the XRD studies and consolidates the fact that the transition is still on going. Nevertheless, the Fe-rich composition is found to be outside the predicted limit of the spinodal transition domain, which supposes that the expected pseudo-periodic alternations of cobalt rich and iron rich spinel phases have disappeared. This is in good agreement with the fact that in each crystallized domain the composition is fairly homogeneous.
Further study, however, shows crystallites in which composition heterogeneities are observed for the sample treated at 600 °C for 24 h. This case is encountered for crystallites with the largest sizes. dimension greater than the average crystallite size of the film. Moreover, the compositional anomalies observed elsewhere in the crystallite boundaries, seem to indicate that the latter hamper the establishment of pseudo-periodic composition variations. As a result, the pseudo-periodic composition variations can then only be observed in the largest crystallites, as illustrated by Figure 7f , 7g and 7h. In this case, one approaches the crystallization states of the bulk oxides (iron cobaltites or manganese aluminates, for example [12, 31] ) in which the pseudo-periodic alternations of phases generated by the spinodal transformation have already been demonstrated. It, therefore, seems reasonable to say that the absence of pseudo-periodic variations of composition within the crystallites is mainly due to the smallness of their size.
It should now be recognized that the development of pseudo-periodic alternations, generally induced by the spinodal transformation, can be inhibited by the nano-structure of the material. To our best knowledge, this observation was not previously reported in the literature.
Conclusions
Until now, the pseudo-periodic alternations of different composition spinel phases were demonstrated only in iron cobaltites preannealed at high temperatures (# 900 °C). These oxides, therefore, consisted of crystallites of large sizes. The thin films studied by our group were, however, prepared by sputtering, not so far from room temperature. In these films, it was not possible to observe such a pseudo-periodic microstructure even for samples processed under conditions conducive to spinodal decomposition and whose multiphase nature was clearly demonstrated by X-ray diffraction or Raman spectroscopy. This failure was attributed to sample preparation method that failed to isolate individual crystallites.
In this work, we have developed a specific preparation method which has made it possible to obtain sections parallel to the film plane. In these sections, individual crystallites can be observed and studied by different electron microscopy techniques. For a sample previously treated at 600 ° C for 96 h, it was possible to confirm its transformation by a germination-growth process, leading to oxide phases rich in iron or cobalt. The microscopic observations revealed, however, that the core of crystallites was richer in cobalt than the areas near the grain boundaries. The semi-quantitative evaluation of the chemical compositions of the formed phases also showed that the germination -growth mechanism was not completed. The compositions observed do not reach the maximum values indicated in the literature. For the sample treated at 600 ° C for 24 h under conditions favourable to the establishment of a spinodal decomposition and for which X-ray diffraction and Raman spectroscopy characterizations confirm a two-phase state, the spatial organization of the phases is similar to that observed for the 96 h treated sample. In particular, iron enrichment occurs at the grain boundaries and their proximity. However, in the largest crystallites or along their axis of elongation,
it is possible to demonstrate the alternation of a cobalt-rich phase and an iron-rich phase reminiscent of the classical characteristics of the spinodal transformation.
All these observations suggest that the small crystallite size inhibits the formation of pseudo-periodic spinel phases alternations. A crystallite size effect on the development of the spinodal transformation is therefore highlighted. To our best knowledge, such effect was not previously reported in the literature. Takahashi [12] . 
